The design and implementation of a robust, scalable, and modular optical power supply spot-array generator for a modulator-based free-space optical backplane demonstrator is presented. Four arrays of 8 ϫ 4 spots with 6.47-m radii ͑at 1͞e 2 points͒ pitched at 125 m in the vertical direction and 250 m in the horizontal were required to provide the light for the optical interconnect. Tight system tolerances demanded careful optical design, robust optomechanics, and effective alignment techniques. Issues such as spot-array generation, polarization, power efficiency, and power uniformity are discussed. Characterization results are presented.
Introduction
Current high-performance switching and computing systems rely mainly on electrical interconnection networks to transport information from chip to chip and board to board. However, electrical interconnects are limited by bandwidth, connectivity, power-consumption, and latency constraints. Because the aggregate bandwidth of the integrated circuits inside these systems continues to increase, so must the capabilities of the interconnection network. 1, 2 The intrinsic limitations of electrical interconnection networks has led system designers to consider short-distance optical interconnects as a means of increasing their performance. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] The optoelectronic technologies being considered include two-dimensional arrays of both surfaceemitting and modulator-based devices integrated with arrays of electronic processing elements, called smart-pixel arrays ͑SPA's͒. A class of SPA's well suited for optical backplane interconnection applications uses the hybrid-SEED ͑self-electrooptic device͒ technology. This technology combines quantum-confined Stark effect modulators and p-i-n photodiodes ͑GaAs͒ with underlying silicon processing electronics. 14, 15 Because this type of smart pixel operates in the transmit mode by modulating an incident beam, systems that use this technology require optical power supply ͑OPS͒ beams to illuminate these reflective devices. The current state of affairs shows that there is a generation gap between the evolution of the sophisticated optoelectronics and the optics and optical packaging necessary to drive them. Recently, we designed and are in the process of completing a fourstage optical backplane demonstration system that uses hybrid-SEED SPA's 7 to study this problem. In this paper we describe the design, implementation, and characterization of an OPS spot-array-generator system built to bridge this generation gap. A full description of the optical design for the system was reported in Ref. 16 , and the optomechanical design was presented in Ref. 17 .
We begin in this paper by describing in Section 2 the requirements for the OPS. In Section 3 we explain the light source and distribution. In Section 4 we describe in detail the optical design, and in Section 5 we present the optomechanics. In Sections 6 and 7 we present the assembly and alignment methodology and the characterization results, respectively.
Optical Power Supply Requirements

A. System Overview
The system was built in a three-dimensional layout interconnecting four hybrid-SEED SPA's in a unidirectional ring. 7 The chips were obtained through the Advanced Research Projects Agency-AT&T Cooperative Hybrid-SEED Program ͑ARPA-AT&T-CO-OP͒ workshop. 18 A schematic diagram of the unfolded optical layout of the system is shown in Fig.  1 . ͑This figure is slightly misleading because the printed circuit boards should lie in the plane of the page and the OPS's perpendicular to the page͒. The polarization-based optical interconnect routes the optically encoded data from one stage to the next by means of polarization optics.
A close-up of one stage is illustrated in Fig. 2 . The focused spot array generated by the OPS was first collimated by microlenses ͑125 m ϫ 125 m͒ of the first pixelated mirror-lenslet array ͑LA1͒. The light comprising the spot array needed to be circularly polarized such that, after passing through the first quarter-wave plate ͑QWP 1͒ ͑oriented at 45°in the x-y plane͒, it became linearly ͑ p͒ polarized. After passing through the polarizing beam splitter ͑PBS͒ and the second quarter-wave plate ͑QWP 2͒, which recircularizes the polarization, the beam array was then focused onto the hybrid-SEED SPA device residing on the printed circuit board by the second lenslet array ͑LA2͒. The reflected ͑modulated͒ light was then recollimated through LA2 and its polarization linearized to s polarization through QWP 2. On entering the PBS, the s-polarized light then was reflected off the PBS mirror, to be routed to the next stage. Figure 2 also illustrates the light relayed from the previous stage. This light, still s polarized, reflected off the PBS mirror surface toward LA1 after passing through QWP 1, which circularized its polarization. The beams then hit the pixelated mirrors on LA1 and passed through the same optical path as did the light from the OPS ͑as described above͒. The relayed beams, however, are displaced ͑in the x direction͒ 125 m away from the OPS beams, thus impinging on receivers ͑as opposed to modulators͒ on the hybrid-SEED SPA.
The QWP 1, PBS, and QWP 2 were glued into what was collectively called the PBS-QWP assembly. The PBS-QWP assembly, LA1, and LA2 were mounted onto an optomechanical housing called the lenslet barrel, which, along with the OPS module, resided within a larger housing called the outer barrel. Furthermore, the system was designed to operate in a temperature-controlled environment, eliminating most concerns about effects such as thermal drift and changes in focal length.
B. Spot-Array Requirements
The layout of the 16 dual-rail smart pixels ͑i.e., 32 modulators͒ on the chip 15 was on an 8 ϫ 4 grid pitched 125 m in the vertical direction and 250 m in the horizontal direction. The 32 modulator windows had a dimension of 20 m ϫ 20 m and represent the targets for the spot array that has passed through the PBS-QWP assembly and the lenslets.
The requirements of the spot array at the output of the OPS to permit the array to hit the target modulators on the chip are given in Table 1 , and a schematic diagram of the desired spot array ͑looking in the direction of light propagation͒ is shown in Fig. 3 .
Note that, in Fig. 3 , the central grid of 8 ϫ 4 represents the signal spots, while those on the periphery correspond to alignment spots. Although the requirements listed in Table 1 suffice for the designed system demonstrator, it was desired that the optical design be flexible to accommodate a larger array of target modulators for scalability.
C. Optomechanical Requirements
The system was built on a vertically mounted baseplate housed in a standard 19-in. ͑114-cm͒ 6U VME commercial backplane chassis. 19 On the basis of the high level of integration, the OPS modules needed to be compact, robust, easy to assemble, and modular.
Light Source
As shown in Fig. 1 , the system was a four-stage optical backplane, with each stage requiring an OPS to provide the array of constant optical power beams to illuminate the modulators on the respective hybrid-SEED chips. For simplicity, optomechanical compactness, and ease of prealignment, light was launched into the OPS by means of a single-mode polarization-maintaining ͑PM͒ fiber. For practical purposes a single 500-mW tunable laser ͑with an external grating for wavelength selection and stabilization͒ was used to provide the light for all four stages. The light originally was split to the four stages by use of a tree of three 1:2 fiber splitters. However, owing to power-loss and polarization instabilities this arrangement was rejected.
A second light-splitting arrangement was employed with three ͑linear-polarization-preserving͒ pellicles ͑Fig. 4͒, which incurred no significant power losses or polarization instabilities. Each beam was subsequently coupled into a 1-m-long PM single-mode fiber to provide the optical input to each OPS module. Launching light along the PM fiber's fast axis was verified experimentally to provide better polarization stability at the output compared with launching along its slow axis. A Faraday isolator was used to eliminate backreflections into the laser. The wavelength was maintained to within the 850-nm Ϯ1-nm spectral tolerance required for the SEED's. 
Optical Design
The fundamental challenge of designing the OPS was in the generation of the array of 8 ϫ 4 ͑plus 8 alignment͒ spots such that the 6.47-m ͑1͞e 2 irradiance͒ radii spots were positioned accurately across the 125-m grid with a uniform power distribution. There exist numerous techniques for producing spot arrays from a single beam. 20, 21 Our system employed Fourier plane array generation by use of a computer-generated hologram implemented as a multiple-level phase grating ͑MPG͒.
A. Multiple-Level Phase-Grating Design
The MPG was designed by use of a simulatedannealing algorithm 21, 22 to create a grating composed of a periodic array of unit cells that could generate the desired spot array in the focal plane of a Fourier transform lens. The grating itself represented the two-dimensional spatial inverse Fourier transform of the spot array and was placed at the front focal plane of the Fourier lens.
The periodicity P of the grating is related to the spot spacing S in the Fourier plane ͑i.e., the output focal plane of the Fourier lens͒ by the relation given in Eq. 1, where is the wavelength and f is the focal length of the Fourier lens. The factor of 2 in the formula arises because only even-order spots were used in the grating design:
For the system demonstrator requiring a spot spacing of S ϭ 125 m ͑on the smallest grid, as shown in Fig.  3͒ for the array of 8 ϫ 4 spots and on the basis of the chosen optical design, each unit cell had a periodicity of P ϭ 377.8 m ϫ 377.8 m, divided into 128 ϫ 128 pixels. Each square pixel had a dimension of P͞ 128 ϭ 2.95 m ϫ 2.95 m and a height quantized to one of eight levels. The MPG was made from fused silica and was not antireflection coated owing to time constraints. From the design program the theoretical efficiency of the eight-level phase grating was predicted to be 83% ͑76.5% after the 4% reflections at each nonantireflection-coated surface͒. The overall uniformity of the spots was predicted to be 96.9%, as defined by use of the metric
Defining the collimated-beam diameter passing through the MPG to be MPG leads to the number of MPG periods sampled NPS being defined as
Also, from Gaussian beam-propagation models, the focused-spot radius f is related to the collimatedbeam diameter by
where f is the focal distance of the Fourier lens and is the wavelength. The ͑linear͒ compression ratio CR can be defined as the ratio of the spot separation to the 99% spot diameter: Thus substituting Eqs. ͑1͒, ͑3͒, and ͑4͒ into Eq. ͑5͒ yields a relation between the compression ratio CR and the number of periods sampled NPS derived as
The number of periods sampled was NPS ϭ 6.1, where MPG was designed to be 1.15 mm, yielding a compression ratio of 6.37 through the relation given in Eq. ͑6͒. 23 This value is sufficiently larger than the minimum CR min of 3, which is required to ensure that the power uniformity is not degraded by aliasing. 24 We addressed the issue of scalability by ensuring that a spot array of 16 ϫ 8 spots at one half the spot spacing ͑i.e., S ϭ 62.5 m͒ was implemented by replacement of the MPG element alone, with no other modifications to the optical design. On the basis of this requirement the period P of the MPG would be doubled, thereby reducing the NPS to 3.05. This results in a compression ration of CR ϭ 3.19, which is still larger than the CR min of 3.
B. Optical Design
The optics were designed to meet all the spot-array requirements while reducing the optomechanical complexities to a minimum. They are shown schematically in Fig. 5 . Perfectly linearly polarized light was assumed to be emitted from the single-mode PM fiber placed at the front focal plane of the compound collimating lenses ͑CL 1 and CL 2͒. The mode-field diameter ͑1͞e 2 diameter͒ of the fiber was specified to be 5.6 m. The collimated-beam diameter at the output of the collimating lens was designed to be 2.30 mm. After passing through the zero-order QWP to circularize its polarization, the beam was then passed through the MPG. The angularly diffracted collimated beams then propagated through the Risley beam steerers ͑RBS 1 and RBS 2͒ and tilt plates ͑TP 1 and TP 2͒ until they were focused by the compound Fourier lenses ͑FL 1 and FL 2͒ to spots in the Fourier plane of 6.47 m ͑1͞e 2 radii͒. Two-element compound lenses with variable focal lengths were chosen for both the Fourier lenses and the collimating lenses to account for uncertainties in the mode-field diameter of the input fiber, the lens focal-length specifications, and aberrations of the beams passing through the OPS. The lenses were oriented in the Petzval configuration, 25 which provided the best performance in terms of aberrations, flexibility, optical power division, size, and cost.
In the Petzval configuration the optical power is split equally between the two parts of each compound lens. Hence aberration is minimized, and the focal length of a lens is easy to adjust with high resolution by alteration of the air gap. Although a Plossl configuration is similar, simulations showed that, in our application, the Petzval configuration gave fewer aberrations for each spot. A Cooke's triplet, which was used in an earlier modulator-array application, 26, 27 was another option for the Fourier lenses because of its exceptionally flat field. However, commercial Cooke's triplets have their focal lengths specified to only Ϯ1%, compared with the 0.4% required for the OPS optical design to define the correct spot separation. Since the optical power in a Cooke's triplet is divided unequally across the three elements, adjust- ing the focal length requires extremely fine changes to the element spacings. At their nominal ͑Petzval configuration͒ positions, the compound collimating lens had a focal length of 12.90 mm and the compound Fourier lens had a focal length of 27.78 mm. It should be noted that, although a true Fourier lens should introduce an f sin distortion, at the maximum diffracted angle designed to be 0.0068°within the OPS the small-angle approximations hold. Therefore an off-the-shelf lens pair was used because of cost and convenience.
On the basis of the nominal numbers used in the optical design, the f-number of the focused beams at the output of the OPS was f ϭ 12.07 ͑1͞e 2 diameter of 2.30 mm͒. This value is well within the f-6 window demanded by the lenslets. The OPS optical and optomechanical design had a number of optical and mechanical degrees of freedom to meet the set of design requirements; these are presented in Table 2 . The overall theoretical throughput of the OPS was estimated to be 71.4%. By analysis of these optical and optomechanical degrees of freedom, as well as of the OPS-module requirements listed in Section 2, a barrel design was chosen to house the elements of the OPS. More information about the optomechanical design is presented in Section 5.
C. Design Tolerancing and Simulation
The total estimated lateral error of the position of the spot array with respect to LA1 ͑Fig. 2͒ was Ϯ400 m. This value was calculated from the worst-case estimate of the fiber centering within the OPS barrel of Ϯ100 m, which results in a Ϯ230-m error of the spot array at the output of the OPS. As well, because of the precision to which the OPS barrel could be inserted in the outer barrel with respect to LA1, machining tolerances, and centering of the lenses, an additional Ϯ170-m lateral-positioning error results. This corresponds to a 0.54°minimum required wedge angle for the Risley prisms ͑SF10 glass͒. Wedge angles of 1°were chosen owing to availability and cost.
Angular misalignment of the fiber input was estimated to be 1°in the worst case, yielding a 0.46°a ngular deviation from the optical axis of the chief rays of the output spots. For compensating this misalignment, a 3-mm-thick tilt plate ͑SF10 glass͒ oriented at 10.4°with respect to the optical axis was required. Traditional tilt-plate design requires one parallel planar optical element to have rotational degrees of freedom along the two axes perpendicular to the optical axis ͑pitch and yaw͒. This approach was not well suited to the barrel housing chosen for the Fig. 6 . Photograph of the unassembled OPS. OPS, which only conveniently provides optomechanical degrees of freedom in translation along the optical axis and rotation about the optical axis ͑roll͒. Therefore, a novel two-element tilt-plate design was implemented that requires only one degree of freedom, namely roll. These two elements are shown as TP 1 and TP 2 in Fig. 5 . We achieved angular coverage of the spot array across the Fourier plane by permanently mounting two 1.5-mm-thick tilt plates ͑SF10 glass͒ at a fixed angle of 10°͑from the optical axis͒ and by appropriately positioning both elements in roll. Gaussian beam-power clipping of 0.54% arising from the square apertures of the system ͑lenslets and modulator windows͒ was taken into account in the optical design. A full analysis of beam propagation through the optical interconnect showed that a 1% clipping effect is tolerable as long as the spot size is kept within tight tolerances.
The system was modeled by use of a computer raytracing package ͑OSLO PRO from Sinclair Optics͒. Distortion of the spot array from the correct grid, field curvature, spot-size variation, Strehl ratio, 1͞rms optical path difference ͑OPD͒, and variation of the chiefray angles was calculated. The spot size was estimated with OSLO PRO as the point-spread function at the plane of best focus ͑minimum rms OPD͒. In the point-spread-function calculation a Gaussian apodization was applied at the first surface of the collimating lens. The width of this Gaussian function was given by a paraxial Gaussian calculation starting from a waist at the fiber facet.
On the basis of the lateral adjustment provided by the Risley prisms, the simulation was carried out with account taken of a maximum lateral displacement of the spot array of 575 m. Table 3 lists a summary of results of the simulation with the nominal design parameters shown in Fig. 5 . For each simulation the calculated number for a spot located directly on the optical axis, a corner signal spot of an on-axis spot array, and a spot located 1152 m away from the optical axis ͑representing the outer corner spot of a 575-m diagonally shifted spot array͒ is given, along with the allowable tolerance values based on 1% clipping of the beams by the modulator windows ͑on the hybrid-SEED chip, as shown in Fig.   Fig. 7 . Photograph of the fully populated OPS, outer barrel, and lenslet barrel. It is shown in Table 3 that all simulation results ͑but one͒ for distortion, field curvature, spot size, chief-ray angle, Strehl ratio, and wave-front 1͞rms variation fall within the tolerance limits for clipping of 1%. ͑Note that both the wave-front 1͞rms variation and Strehl-ratio tolerances represent the minimum acceptable value.͒ The spot size for the 1152-m diagonally shifted spot shows a simulation result of 6.75 m, which is 0.03 m larger than the maximum tolerance. As is shown in Sections 5 and 7, it was not necessary to displace the spot array this far. Note that the Ϯ2.5-m distortion tolerance represents the maximum diagonal distortion for the corner spots, which corresponds to a tolerance for spot separation of 125.00 Ϯ 0.54 m.
Optomechanical Design
A. Optical Power Supply Barrel
Given the optical design described in Section 4, the optomechanical design of the overall system demonstrator, and the overall specifications outlined in Section 2, a barrel assembly was employed to house the OPS components. A picture of the dismantled OPS is shown in Fig. 6 , and the fully assembled OPS, along with the outer barrel and the lenslet barrel, is shown in Fig. 7 . One of the advantages of the barrel was that all the optical components except for the last surface of the second Fourier lens were fully protected. A threedimensional mechanical drawing of the OPS components, the OPS barrel, the outer barrel, and the lenslet barrel is given in Fig. 8 , and a cross-sectional drawing of the assembled OPS is provided in Fig. 9 .
For ease of machining the barrels were made out of aluminum and subsequently black anodized. The black anodization served to increase the hardness of the aluminum surface and to reduce any unwarranted glare. Two Delrin ͑acetal͒ 29 rings were then press fitted onto each barrel to facilitate the barrels' insertion into their respective outer barrels. Windows with a width of 12.6 mm were machined at the tops of the barrels to permit access to the optics' cell holders for alignment ͑most clearly shown in Fig. 8͒ . Standard threaded holes ͑0-80 and 2-56͒ were machined along the two sides of the barrel such that steel set screws could securely hold each optic aligned in place. The thickness of the OPS barrel wall was 2.5 mm Ϯ 0.1 mm; the inner diameter was 17 mm. 
B. Cell Holders
The cell holders were machined to provide a sliding fit to the barrel. For providing access for alignment ͑in rotation about and translation along the optical axis͒, eight holes along each cell's perimeter were machined. All the cells except those for the lenses and the tilt plates were fabricated entirely by use of anodized aluminum. The cells for the lenses were machined from Delrin such that an interference fit between the cell and lens-edge surfaces securely held each lens in place. Experimental validation of the position of the 50-mm Fourier lens within its cell showed that a 50-m circle was described by the focused spot when the cell was rotated about the axis of an input collimated He-Ne laser beam.
One of the problems encountered with the cellholder design was that localized deformations about the screw-cell contact point occurred on the cell surface. The raised material about the contact point had the effect of reducing the sliding-fit clearance necessary, resulting in jamming. More sophisticated cells for the tilt plates that took this into consideration are shown in Fig. 10 . The tilt-plate cell incorporated a hybrid design of both Delrin and anodized aluminum: Delrin was used for the outer holder, and anodized aluminum for the inner holder. The anodizedaluminum inner holder was machined at 10°to the optic-metal interface. A groove along the perimeter of the outer holder provided the clearance necessary such that localized deformations about the screw-cell contact point did not cause the cell to get stuck within the barrel. The outer holder was machined to provide a tight interference fit with the inner holder.
C. Fiber Mount
A close-up of the mechanism for centering the fiber on the optomechanical axis of the barrel is shown in Fig.  11 . A high-quality fiber-connector-physical-contact ͑FC͞PC͒ fiber receptacle was chamfered down at 45°i nto a circle with a 15-mm diameter. Butted up against the fiber-receptacle bulkhead ͑made of anodized aluminum͒, which was locked into place in the barrel, were four set screws driven against the chamfered edge for making lateral adjustments. Centering to better than 10 m from the optomechanical axis was achieved and is well within the Ϯ100-m design tolerance. Stability measurements were conducted on insertion and removal of the connectorized input fiber, and no measurable misalignment within the Ϯ1-m measurement precision was observed.
Assembly and Alignment
The first stage of the alignment procedure was to launch the linearly polarized light into each PM fiber along its fast axis. This was achieved by rotation of the half-wave plate ͑as shown in Fig. 4͒ .
Assembly of the OPS was simplified by use of the OPS insertion slug. The insertion slug was composed of three pieces: the rod, the ring, and the pin. Positioning the ring at the appropriate position on the rod by means of pushing the pin through accurately machined holes in the rod allowed each element to be inserted into the barrel from the output side of the barrel, as shown in Fig. 12 . When the ring butted up against the output end of the barrel, it was in place. Component-placement precision was better than Ϯ90 m.
A two-step alignment sequence was required to assemble the components of the OPS within the barrel. For properly collimating the beam and providing the correct spot size at the output of the OPS, adjustment of the two collimating lenses was required. For monitoring both these effects simultaneously, the OPS barrel with the precentered fiber was populated with only the four lenses, positioned at their nominal positions by use of the insertion slug. The Fourier lenses were locked in place. The remaining six elements were not inserted, and in their place a 10-mm 50:50 beam splitter was inserted through the windows, as shown in Fig. 13 .
Spot sizes were measured with a 40ϫ microscope objective imaging onto a high-resolution linear CCD camera accurately positioned by motorized x-y-z stages. The CCD image was digitized for the measurements.
After the collimating lenses were locked, the beam splitter and the Fourier lenses were removed. Each barrel was then fully populated with the QWP, MPG, Risley prisms, tilt plates, and Fourier lenses, with the prisms and tilt plates at their zero positions. Alignment of the QWP was done in situ after the OPS was integrated into the system to maximize transmission through the PBS-QWP assembly. It should be noted that locking the collimating lenses modified the spot size by Ϯ0.10 m on average. Spot separation was set by adjustment of the second Fourier lens, measured by use of the same CCD setup with the 40ϫ microscope objective.
Characterization
Detailed performance measurements were conducted on the four assembled barrels to obtain statistical information on the reproducibility of the design and implementation. The results are presented below. A digitized image ͑from the frame grabber͒ of the spot array generated from barrel 1 is shown in Fig. 14 . Note that the image appears to be flipped in the horizontal direction in comparison with Fig. 3 because of the direction of observation and the inversion introduced by the imaging optics.
A. Spots and Spot Array
As mentioned in Section 6, the frame-grabbed spots were curve fitted to a Gaussian beam model. This algorithm provided the 1͞e 2 irradiance spot size. It also calculated the Gaussian fit, which was obtained by performance of a chi-squared metric between the measured ͑quantized͒ data and the best-fit Gaussian curve. 30, 31 The results of characterization for the four assembled and prealigned OPS barrels are summarized in Table 4 . For each barrel the information is presented as follows: Average spot size ͑Ϯ0.10 m͒, average Gaussian fit, and average axial position ͑Ϯ15 m͒ of ͑a͒ the four central spots of an on-axis spot array, and ͑b͒ the four corner spots of an on-axis spot array. Note that the average axial position of the corner spots is a direct measure of the field curvature introduced to the on-axis spot array ͑with the origin set as the average for the four central spots͒. The measured spot size and Gaussian fit for a corner spot of a 685 m diagonally shifted spot array is also presented ͑with 685 m representing the maximum possible lateral shift achievable with the Risley prisms, as is mentioned below in this section͒. The back focal length ͑i.e., the distance between the last lens surface to the spot array͒ is given ͑Ϯ0.1 mm͒ for each barrel. The last two columns in Table 4 are the Fig. 15 . Graph of the optical power budget. spot separation ͑Ϯ0.2 m͒ and power uniformity ͑Ϯ1.0%͒, respectively. For convenience, the tolerances for the spot size, field curvature, back focal length, spot separation, and power uniformity are included in the headings of the appropriate columns.
The power uniformity of the spot arrays was obtained from a frame-grabbed image by use of the linear high-resolution CCD camera. The image was fed into a program that computed the integrated power per spot by summing the pixel elements within each spot's elementary cell ͑of 125 m ϫ 250 m͒. Thus the total integrated power of each spot was measured and compared. This integration was necessary since it was found to be difficult to match the plane of the spot array to the plane of the CCD active area directly, resulting in a spatially defocused image. Power-uniformity measurements for barrels 1 and 2 were unavailable as they had already been integrated into the system. Noting the negligible statistical difference ͑to within measurement precision͒ between the measurements for barrels 3 and 4, however, it was expected that the MPG's for barrels 1 and 2 would behave similarly, and the power uniformity was better than 92.0% at the OPS output. Table 4 indicates that all measurements but two fit within the specified tolerances. The spot size of an outer corner spot of a 685 m diagonally shifted spot array was measured to be 7.04 m for barrel 1, and 6.80 m for barrel 3, both larger than the allowable tolerance. If we note, however, that, since the fiber was centered to better than 10 m within the OPS barrel ͑as presented in Section 5͒, compared with the Ϯ100 m tolerance ͑as presented in Section 4͒, it would be necessary only to shift the spot array laterally by at most Ϯ200 m.
B. Spectral Behavior
Preliminary tests have shown that there was no significant effect caused by the backreflections from the OPS components on the spectral behavior of the laser. The Faraday isolator ͑Fig. 4͒ provided a nominal Ϫ40 db of isolation and was required to achieve this lack of effect.
C. Polarization
During assembly when only the two collimating lenses and the QWP were present in the OPS barrel, the orientation of the QWP was adjusted to bring the emerging light as close as possible to ideal circular polarization. Measurements conducted on a PBS-QWP assembly at the output indicated a light throughput of 95%, with the missing 5% attributed to factors such as the transmission efficiency of the PBS ͑96% for p polarization͒, the finite extinction ratio of the PM fiber ͑28.8 dB͒, and improper orientation of the QWP's ͑both of the ones attached to the PBS by the supplier and of the one in the OPS itself ͒. Polarization stability is demonstrated by the small ͑Ͻ0.5%͒ time variation of the transmitted light.
D. Beam Steering
Measurements conducted on the lateral steering travel of the Risley prisms on the spot array yielded results of Ϯ685 Ϯ 3 m from the optical axis. Measurement results for the angular-steering coverage of the tilt plates were Ϯ0.49°Ϯ 0.08°. These values are better than the Ϯ400 m and 0.46°lateral-and angular-steering requirements, respectively, as specified in Table 1 , to compensate for the alignment errors encountered during the integration of the OPS into the system. Each optical element in barrel 3 had a measured optical throughput efficiency of better than 99%, except for the fan-out grating, which had an efficiency of 76.5%. These results are plotted in Fig. 15 . The overall throughput was measured for barrel 3 and found to be 73.0% Ϯ 0.5%, consistent with expected values.
Discussion and Conclusion
It has been shown that an easy-to-assemble, scalable, robust, compact, and modular OPS spot-array generator was successfully built to drive an array of 32 hybrid-SEED modulators for use in a four-stage optical interconnect. The success is based on meeting the specifications that are presented in Table 1 . This table is presented again in Table 5 , along with the characterization results. We satisfied the power requirement ͑the seventh item in the list͒ by taking into account the measured optical losses experienced by the laser beam's passing through the optical train ͑Fig. 4͒ of 78.6% and loss at the fiber coupler, which was at its worst 50%. Based on the laser source's providing 500 mW, this results in spots at the output of the OPS of 900 W, more than 3 times the required power. It should be noted that the optical interconnect, i.e., light originating from the OPS through to the hybrid-SEED chip on the first stage, through the optics to the hybrid-SEED chip on the second stage, was established, demonstrating that the requirements for the OPS were satisfied. Future optical interconnects most probably will employ the use of source-based transmitters ͑e.g., vertical-cavity surface-emitting lasers͒ rather than modulators. However, until then, simple and robust optical and optomechanical solutions are needed for modulator-based technology. This paper has shown that, for the first time to our knowledge, a compact modularized spot-array generator can be built for use in a modulator-based optical interconnect, successfully taking the first step in bridging the generation gap between sophisticated hybrid-SEED optoelectronics and optics. D. V. Plant was supported by the Canadian Institute for Telecommunications Research under the National Centre for Excellence program of the Government of Canada, by the Natural Sciences and Engineering Research Council ͑NSERC͒ ͑OGP0155159͒, and the Fonds pour la Formation de Chercheure et l'Aide à la Recherche ͑NC-1415͒. This study was also supported by the Nortel͞NSERC Chair in Photonic Systems.
